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ABSTRACT  
Penetration of alkane molecules into the adsorbed film of a cationic surfactant gives rise to a 
surface freezing transition at the alkane–water interface upon cooling.  In this paper, we show 
that surface freezing of hexadecyltrimethylammonium chloride (CTAC) at the tetradecane-water 
interface stabilizes oil-in-water (OW) emulsions.  For concentrations of CTAC near the critical 
micelle concentration, an OW emulsion coalesced readily above the surface freezing transition 
whereas the OW emulsion was stable in the surface frozen state.  There was a discontinuous 
change in the stability of the OW emulsion at a temperature very close to the surface phase 
transition temperature as determined by interfacial tensiometry and ellipsometry on a planar oil-
water interface.  The mechanical elasticity of the surface frozen layer opposes film drainage and 
density fluctuations that could lead to rupture, and is the most likely cause of the enhanced 
emulsion stability. 
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INTRODUCTION 
Adsorbed films of soluble amphiphiles exist in three different physical states called gaseous, 
expanded, and condensed states, which respectively correspond to two-dimensional gas, liquid, 
and solid phases.
1-9
  Among these, the condensed film formation has largely been limited to 
sparingly water-soluble nonionic amphiphiles such as long-chain alkanols.
1,2,4-9
  In 2000, 
McKenna et al. reported that a mixed monolayer of hexadecylltrimethyl ammonium bromide 
(CTAB) and n-tetradecane (C14) underwent a first-order freezing transition at the air–water 
interface upon cooling.
10
    Subsequently, Sloutskin et al. carried out surface tension and X-ray 
reflectivity measurements on mixed monolayers of CTAB and the series of n-alkanes and 
confirmed that the thickness of the surface frozen monolayers increased with n-alkane chain 
length for dodecane  heptadecane and found that the low-temperature phase was a hexagonally 
packed two-dimensional solid phase a single monolayer thick, with upright, conformationally 
ordered chains.
11,12
  The structures of the surface frozen layer is similar to those observed for 
surface frozen monolayers at the airalkane13 and airalcohol14 interfaces.  For pure linear 
alkanes, the surface freezing transition occurs between 16 and 50 carbons in length and the 
surface transition temperatures are up to 3 °C above the bulk melting point.  The presence of 
surfactant induces a surface freezing transition for shorter alkanes (C14) and at even higher 
temperatures by augmenting the lateral van der Waals interactions between the hydrocarbon 
chains of surfactant and alkane.  Moreover, the surface tension can be varied widely with 
surfactants. 
Lei and Bain showed that a surface frozen phase also exists at the liquid tetradecane–water 
interface in the presence of CTAB, despite the absence of surface freezing at a pure alkane-water 
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interface.
15
  A surprising feature of the surface freezing transition is that the interfacial density of 
surfactant almost remains constant at the surface freezing transition: the increase in hydrocarbon 
chain density required for the formation of a solid monolayer is attained by the penetration of 
alkane molecules into the adsorbed film.  The generality of  the surface freezing transition was 
later confirmed for CTAB and octadecyltrimethylammonium bromide (STAB) with alkanes of 
various chain lengths by Deutsch and co-workers using interfacial tensiometry and X-ray 
reflectivity.
16,17
 
These findings motivated us to investigate the effect of the surface freezing transition on the 
stability of OW emulsions.  The high Krafft temperature of CTAB (25 
o
C)  is a limitation in 
studies of emulsion stability, but the chloride ion counterpart, CTAC has a much lower Krafft 
temperature (2 
o
C) and therefore allows the study of emulsion stability over a much larger 
temperature range.
18,19
  We have shown previously that CTAC and CTAB exhibit surface 
freezing transitions within 1–2 oC for a range of alkanes.20  We also examined the preferential 
adsorption of alkanes at the oil−water interface for the binary mixtures of n-dodecane (C12), C14, 
and n-hexadecane (C16) in the presence of CTAB and found that the surface frozen film was 
mainly composed of CTAB and longer chain alkanes while the shorter alkanes were expelled 
from the interface to the bulk oil phase.
20
  C16 has its melting point at 1718 oC and the surface 
freezing transition of the CTAB adsorbed film is interrupted by the freezing of the bulk alkane.  
However, the  preferential incorporation of C16 in the adsorbed film raises the surface freezing 
transition temperature in the alkane mixtures and therefore is also useful to expand the 
temperature range of the surface frozen film.  In this paper, we first show that the kinetic stability 
of an oil-in-water emulsion is remarkably enhanced when a surface frozen film of CTAC is 
formed at the C14water interface and then confirm this result by observing C14-C16 mixtures 
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with a varying mixing ratio.  Finally, the high mechanical elasticity of the surface frozen layer 
and resultant slow film drainage is proposed as the primary cause of the enhanced emulsion 
stability after various mechanisms of emulsion stabilization were considered. 
 
EXPERIMENTAL SECTION 
Materials: CTAC (Nacalai tesque Co. Ltd., >99%) was purified eight times by recrystallization 
from a mixture of acetone and ethanol. Oil-soluble impurities were removed by the extraction 6 
times from hexane. No minimum was observed in the surface tension vs. concentration curve 
around the critical micelle concentration (cmc). All samples were prepared with Milli-Q water. 
n-Tetradecane (Nacalai tesque Co. Ltd., >99%) was purified by the fractional distillation under 
reduced pressure. Their purities were confirmed by measurement of the oil–water interfacial 
tension and estimated to be >99.9% by GC. 
Interfacial tensiometry: Interfacial tension, γ, was determined by the analysis of the shape of a 
pendant drop of surfactant solution hanging on a glass capillary in the oil phase by varying 
temperature, 𝑇, at constant CTAC molality in aqueous solution, 𝑚.  The experimental error of 
the interfacial tension was within 0.1 mN m
-1
. 
Ellipsometry: Ellipsometry was performed by a Picometer Ellipsometer (Beaglehole Instruments 
Wellington, NZ) equipped with a HeNe laser at 632.8 nm.  The surfactant solution of about 20 
mL was contained in a 6.5 cm diameter glass dish and the same amount of oil was poured onto it.  
The dish was placed in a brazen jacket then thermostatted by circulating temperature-controlled 
water.  The coefficient of ellipticity, ρ̅, defined as the imaginary part of 𝑟𝑝/𝑟𝑠 at the Brewster 
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angle was recorded (𝑟𝑝 and 𝑟𝑠 are the complex Fresnel reflection coefficients for p- and s-
polarized light).  The laser beam was applied to the air-alkane interface at ~75° and the refracted 
light hit the alkanewater interface at incident angle of ~43°, which is the Brewster angle of 
alkanewater interface.  The precision of ρ̅ was typically ±1×10−5, except in the vicinity of the 
phase boundaries where larger fluctuations were observed. 
 
RESULTS AND DISCUSSION 
Figure 1(A)  shows the interfacial tension () vs. temperature (T) curve for the CTAC adsorbed 
film at a planar C14–water interface.  The concentration of CTAC in the aqueous phase was set 
to m = 1.2 mmol kg
-1
 which was close to but slightly smaller than the critical micelle 
concentration (1.3 mmol kg
-1
).
18
  The surface tension has a clear kink at 9.3 
o
C corresponding to 
the phase transition between surface liquid and surface frozen states.  A discontinuous change in 
the coefficient of ellipticity at the same temperature as the kink in the  vs. T curve supports the 
existence of the surface phase transition.  Figure 1(B) displays the interfacial tension as a 
function of temperature for varying CTAC concentrations, showing that the surface phase 
transition temperature decreases with decreasing concentration, in agreement with previous 
studies.
15
  For details of the interpretation of interfacial tension and ellipsometry data, see refs. 
(15)  and (20). 
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Figure 1. (A) Interfacial tension vs. temperature curve (green) and ellipticity vs. temperature 
curve (red) for the CTAC adsorbed film at the tetradecane-water interface. Initial CTAC 
concentration in aqueous phase = 1.2 mmol kg
-1
.  (B) Effect of CTAC concentration on the 
interfacial tension of the tetradecanewater interface as a function of temperature: (a) 0.10, (b) 
0.20, (c) 0.40, (d) 0.55, (e) 0.80, (f) 1.00, (g) 1.20, (h) 1.50 mmol kg
-1
.  The dashed line indicates 
the surface phase boundary. 
 
Figure 2 shows the height of the emulsion phase plotted as a function of time, together with 
pictures of OW emulsion samples that had been thermostatted 24 hours at 7.0 and 15.0 
o
C after 
preparation.  We stirred equal volumes (5 ml) of C14 and 1.3 mmol kg
-1
 CTAC aqueous solution 
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for 1 min by a vortex mixer in a test tube.  For the sample kept at 7.0 
o
C, which is in the 
temperature range of the interfacial frozen state, the volume of the OW emulsion (the turbid part 
of the sample) remained almost constant for 24 hours.  For the emulsion at 15.0 
o
C, in which the 
interface is in its liquid state, bulk oil phase started to appear above the OW emulsion 
immediately and the volume of the emulsion decreased continuously with time.  The phase tubes 
shown in Figure 3 for emulsions aged at different temperatures show that the stability of the 
emulsion changes discontinuously between 9 and 10 
o
C corresponding to the surface phase 
transition temperature identified by tensiometry and ellipsometry at a planar oilwater interface.   
Differential scanning calorimetry of an emulsion sample confirmed the existence of the surface 
freezing transition in the emulsion from an exothermic peak at about 9 
o
C in the heating cycle, 
which is different from the melting points of both bulk C14 (5 
o
C) and the solid hydrates of 
CTAC (2 
o
C).  We note that adsorption of the surfactant at the oilwater interface in emulsions 
may significantly deplete the aqueous phase of CTAC, so the phase transition temperatures 
measured in different experiments will not be identical. 
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Figure 2. Height of emulsion phase plotted as a function of time and pictures of OW emulsion 
samples thermostatted for 24 hours at 7.0 and 15.0 
o
C after preparation.  
 
Figure 3. Pictures of OW emulsion samples made by stirring equal volumes of tetradecane and 
1.3 mmol kg
-1
 CTAC aqueous solution.  Samples were thermostatted for 24 hours at 
temperatures given in the figure.  Blue and red dots are guide for the eye.   
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Similar results were observed for the emulsion stability of alkane mixtures.  Figure 4(a)–(c) 
shows the pictures of emulsion samples prepared with C14-C16 mixtures at molar ratios of 8:2, 
6:4, and 4:6, respectively.  The surface freezing temperature separately measured by interfacial 
tensiometry and ellipsometry, denoted by red triangles in Figure 4, rose with increasing C16 
composition in the bulk oil.  The temperatures where the stability of the emulsion changed 
coincided with the surface freezing temperatures.     
 
Figure 4.  Pictures of OW emulsion prepared with the given mixing ratio of tetradecane (C14) 
and hexadecane (C16).  The initial concentration of CTAC is 1.3 mmol kg
-1
 for all samples.  
Samples were thermostatted for 24 hours at temperatures given in the figure. 
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The enhanced stability of the emulsion in the surface frozen phase is most marked at 
concentrations around the cmc (see Supplementary Information).  At higher concentrations, the 
interface is saturated with CTAC and both emulsions in the liquid and surface frozen states are 
stable for 24 hours.  At much lower concentrations, the surface frozen phase ceases to be 
thermodynamically stable (Figure 1B) and the emulsion is observed to collapse. 
We consider three different destabilization mechanism of general OW emulsions to ascertain 
whether they can explain the observed stability of OW emulsions with frozen surface layers.  
The first is Ostwald ripening by which large droplets grow at the expense of smaller ones.  This 
process is formalized as the Kelvin equation,
21,22
  
𝑐(𝑟) = 𝑐∞exp (
2γ𝑉𝑚
𝑟𝑅𝑇
) ⋯ ⋯ (1) 
where 𝑐(𝑟) is the solubility of oil droplet of radius 𝑟, 𝑐∞ is the solubility of a macroscopic 
droplet,  and 𝑉𝑚 is the molar volume of the oil.  Applying the interfacial tension γ at the surface 
freezing transition temperature shown in Figure 1 and other required parameters,
23
 we find that 
the solubility difference is negligible (<0.1%) for the droplet sizes of 10–100 m in our 
experiments (see Supporting Information). Furthermore, the interfacial tension is continuous at 
the phase transition temperature while the emulsion stability changes discontinuously.  Therefore, 
in the present study, Ostwald ripening is not a factor in the enhanced stability of OW emulsions 
with frozen surface layers. 
The second factor to be considered is DLVO interactions between emulsion droplets.
24
  In 
general, the surface density of surfactants increases at surface freezing transitions.
20
  Hence, if 
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the interfacial density of CTAC were to increase at the surface phase transition, it might lead to 
increased stability within DLVO theory through an increase in surface charge density.  However, 
as shown in Figure S1 (A) in Supplementary Information, the difference in the surface density 
between 7.0 and 15.0 
o
C  is no more than 0.3 mol m-2. Converting this surface excess into the 
surface charge density, this change is roughly equal to 0.03 C m
-2
, which hardly varies the 
electrical double layer potential.  Furthermore, previous studies on monolayers at the air–water 
interface have shown a higher degree of counterion binding to the solid than to the liquid 
phase.
25
 The same behavior at OW interfaces would decrease rather than increase emulsion 
stability.  It is therefore unlikely that double-layer repulsions are responsible for the enhanced 
emulsion stability displayed in Figures 2 and 3. 
Finally, we considered how the rheological response of the interface may hinder droplet 
coalescence.  The rheological property of interfaces that is most often associated with the 
stability of foams and emulsions is the dilational (visco) elasticity, which can be obtained from 
measurements of the interfacial tension response to surface area perturbations. Bergeron has 
argued that dilational elasticity suppresses fluctuations that lead to film rupture.
26
  It is also well-
known that the drainage from foam lamellae into the Plateau border, which controls the pathway 
to film thinning and rupture, is strongly influenced by the film rigidity.  Films with effectively 
rigid surfaces exhibit comparatively slow drainage compared with mobile interfaces, by an order 
of magnitude or more in rate.
27,28
  However, in a study of the liquidsolid surface phase 
transition of a1-dodecanol film at the air-water interface, Muñoz et al 
29
  found that the dilational 
elasticity did not change at the surface freezing transition in the range of frequencies studied by 
surface quasi-elastic light scattering (SQELS, 560 kHz) and electrocapillary wave (ECW, 
0.022 kHz) methods. They proposed  the exchange of alcohol molecules between the 
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monolayer and the sub-phase to explain the invariance of the elasticity at the surface phase 
transition.  Casson et al. demonstrated by sum-frequency spectroscopy that the phase transition 
in dodecanol monolayers is associated with surprisingly little change in the molecular-level order 
of the monolayer.
31
 Conversely, for CTAB/tetradecane monolayers on water, surface freezing 
causes a large change in chain ordering,
10
 indicating that linear alcohols are not a perfect 
analogue of mixed surfactant/alkane phases from the view point of molecular ordering and 
resultant mechanical properties of the interfacial films. Capillary wave scattering experiments on 
mixed surfactant/alkane monolayers are currently under way in our laboratory.   
A widely used measure of the (equilibrium) dilational elasticity is the Gibbs elasticity defined 
by
30
   
ε =  
d𝛾
dln𝐴
 ⋯ ⋯ (2) 
where A is the area per surfactant molecule at the interface. The Gibbs elasticity is derived from 
the equilibrium surface tension and thus involves the replacement of surfactant molecules at the 
interface by alkane molecules in the surface frozen phase.  We find that the Gibbs elasticity 
calculated for the surface liquid and solid phases is about 50 mN m
1
 at the critical micelle 
concentration (see Supporting Information) and is the same to within 3 mN m
1
 in both phases.  
It would appear that neither the dilational elasticity measured by capillary wave methods (high 
frequency, small deformations) nor the Gibbs elasticity explains the difference in emulsion 
stability above and below the surface phase transition.   
The drainage of the thin film between two mobile interfaces involves large deformations that 
might not be well-described by the linear response of capillary wave methods. Furthermore, if 
the deformation of the interface occurs on a timescale that is short compared to the relaxation 
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time of the monolayer (i.e. on timescales where the monolayer behaves as a solid), neither the 
surfactant nor the alkane within the surface frozen layer will exchange with the bulk. Under these 
circumstances the relevant elasticity is the 2-D compressional modulus of the surface frozen 
layer, which can be estimated from the slope of the pressure-area  (-A)  isotherms of Langmuir 
monolayers in a structurally similar phase (LS).  Typical values are –d/dlnA = 1 N m–1,32,33 
which is more than an order of magnitude larger than the Gibbs elasticity.  The high mechanical 
elasticity of the surface frozen film would dominate the Gibbs elasticity and could lead to rigid 
interfaces and slow film drainage, as well as suppressing large area fluctuations that could lead to 
film rupture. 
Two groups have reported faceting of alkane-in-water emulsions in the presence of surfactants at 
temperatures above the freezing point of the oil, which was ascribed to a surface frozen layer and 
ultralow interfacial tension
34,35
 or to nucleation of a metastable rotator phase with a high bending 
rigidity.
36,37
   Such facets could stabilise a planar water film between two oil droplets. The 
experiments presented in our paper are all at temperatures where the interfacial tension >> 1 mN 
m
1 
and where capillary effects would be expected to dominate the bending modulus of the 
interface.  Furthermore, ellipsometry results reported by Lei and Bain
15
 and the data in Figure 1 
show no evidence for interfacial crystallisation beyond a monolayer in the CTAB/tetradecane 
system. Consequently, we do not believe that faceting plays a role in emulsion stabilisation 
reported in this paper.  Cholakova et al. have also argued that rotator phases nucleate from 
surfaces in drops of oil mixtures leading to droplet deformation at temperatures close to the 
melting point of the longer alkane.
38
  Although we did not observe faceting in the C14-C16 
mixtures by optical microscopy, we do not have definitive ellipsometry data on the liquid 
mixtures to exclude the possibility of faceting induced by plastic phases adjacent to the interface.    
 15 
 
CONCLUSIONS 
In this paper, we provide the first demonstration that the surface phase transition switched the 
kinetic stability of OW emulsion.  To solve the problem that the existing solid film forming 
amphiphiles have very low water solubility and they do not form stable emulsion by their own, 
the surface freezing transition of cationic surfactant - alkane mixed adsorbed film was utilized.  It 
was also demonstrated that the use of alkane mixture increases the temperature range of surface 
frozen film by the preferential incorporation of alkane molecules having chain length similar to 
the surfactant.  The high mechanical elasticity of the surface frozen layer and resultant slow film 
drainage is proposed as the primary cause of the enhanced emulsion stability.  To understand the 
effect of the mechanical property of the surface film in more detail, experiments are ongoing 
with the multilayer solid films composed of CTAC and hexadecanol at the C12

water interface. 
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